ABSTRACT Parafoil systems represent flexible wing vehicles. In case a vehicle is flying at low altitude, it is well known that the vehicle is more susceptible to winds. Also, due to the nonlinear, large inertial existing within the system, traditional control methods, such as traditional proportional-integral-derivative (PID), cannot guarantee the quality of path following. Therefore, we here apply generalized predictive control (GPC)-based method for parafoil systems to follow the designed path for a better control effect. To achieve this, we first propose a novel modeling method based on computational fluid dynamics to build a dynamic model of the parafoil system in windy environments. Afterward, a guidance law is designed according to a hybrid approach that combines the cross track error and the line of sight. In addition, the path following controller is established by using GPC. Finally, we generate and interpret numerical results to demonstrate the feasibility of the horizontal path following method in windy environments by utilizing the semi-physical simulation platform. The achieved results show that the GPC controller achieves high precision path following. More precisely, it possesses a better anti-wind ability and tracking accuracy and, therefore, the method outperforms PID controller.
I. INTRODUCTION
A parafoil system, composed of a traditional ram-air parafoil and a payload, is a unique kind of flexible vehicle. The perfect control and glide performance and large payload characteristics make it a practical platform for applications, e.g., equipment recovery and supplementary delivery. With the invention and development of Global Positioning System (GPS), Inertial Navigation System (INS), as well as micro control units, the implementation of fully autonomous path following methods and target hunting of the parafoil system become feasible [1] - [3] .
The research on dynamic modeling of parafoil systems began with investigating three degree-of-freedom (DoF) models, of which the system was treated as a particle that
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usually used for path planning [4] , [5] . Afterward, six DoF models, in which the parafoil and the payload were considered to be one rigid body have been developed [3] , [6] , [7] . Equally by accounting for relative motions between the parafoil and the payload, models with eight or nine DoF have been developed as well, see [8] - [10] . One can clearly see that the existing body of literature is mainly focused on mechanism modeling through force analysis of the parafoilpayload system [11] . Nonetheless, the study of wind effects on flight peculiarities are rather few, and the existing results only rely on a simple process of adding the wind speed into the speed of the parafoil, which is lack of theoretical fundaments.
For parafoil systems, flight control is realized by recycling steering ropes connected to both sides of the trailing edge of the parafoil canopy. The downward bending of the trailing edge changes the shape and orientation of its lifting surface and forms flaps and the deflection angle, such that the drag force increases and the yaw moment is produced, which leads the parafoil system turning to the recycling side [1] . For proving various disturbances existing in the actual environment, in case there is no proper controller to correct tracking errors, the parafoil system is unable to perform accurate path following. Therefore, control strategies are one of the key factors for path following control. In the following, we briefly survey related work. Benney et al. [2] has designed the traditional PD controller and the gain-scheduling fuzzy PD controller to realize the path following of parafoil systems. Slegers and Costello [12] applied the Model Predictive Control (MPC) method to control the parafoil system track the designed trajectory. Prakash and Ananthkrishnan [13] implemented a nonlinear dynamic inversion controller and showed the possibility of heading control. Jiao et al. [14] and Tao et al. [15] , [16] tackled the problem of path following of parafoil systems by active disturbance rejection control (ADRC) and achieved some promising simulation and experimental results. Luo et al. [17] proposed a novel decoupling control approach using ADRC-based feedforward coupling compensation which proved evidence when it comes to strong tracking performance and robustness. Towards practical applications, the ALEX parafoil aerial delivery system developed by The Institute of Flight Systems of the German Aerospace Center (DLR), used a simple proportional controller [18] . Working on developing Guidance, Navigation & Control (GNC) algorithm for the Pegasus parafoil aerial delivery system, PID controllers have also been explored [19] . However, when asking for high performance, the PID control method has extensive bottlenecks to tackle these complicated systems [20] .
In this paper, we apply Computational Fluid Dynamics (CFD) methods for analyzing the wind influences on aerodynamic performances of the parafoil canopy. Also, we develop a six DoF dynamic model of the parafoil system in windy conditions. In view of the nonlinear, large inertial within the system and strong winds in the actual environment, the Generalized Predictive Control (GPC) strategy perfectly adapts to the changing parameters and high order systems with random disturbances. The desired heading angle is obtained by the cross track error combined with the line of sight, and the controlled auto-regressive integrated moving average (CARIMA) model of the parafoil system is established through online identification by using recursive least squares method. The final semi-physical simulation results demonstrate the validity of the proposed controller.
The remainder of this paper is organized as follows: In Section II, we describe the dynamical model of the parafoil system in windy based on CFD. The GPC based path following control method of the parafoil system is discussed in Section III. The semi-physical simulation results are presented in Section IV. And we give a conclusion in Section V. 
II. DYNAMIC MODEL OF PARAFOIL SYSTEM A. CFD SIMULATION OF PARAFOIL FLYING WITH WINDS
CFD is a branch of fluid mechanics that uses numerical analysis and data structures to solve and analyze problems involving fluid flows [22] - [24] . In this section, we use mesh velocity to simulate the wind filed, and dynamic mesh to simulate the attitude of parafoil, simulate and analyze the changing rules of the parafoil aerodynamic performance in the wind environments. The parameters of the aerodynamic shape of the CFD parafoil model are listed in Table 1 .
When the sustained wind of speed v w acting upon the parafoil canopy, the wind can be simulated by the moving mesh speed -v w , The pitching and rolling motions of the parafoil are simulated by dynamic meshes generated by the smoothing method combined with the remeshing method. As shown in Fig.2 , P stands for the pitch center, R denotes the roll center, O is the mass center of the parafoil system and T w denotes the equivalent action-point of the wind. To observe the attitude changing of the parafoil in winds, we add the sine wind with maximum speed of 5 m/s into the simulation environment during 5 s to 15 s. The simulation results are shown in Fig.3 . We can see that at 6.6 s, the pitch angle of the parafoil θ equals 1.84 • ; at 8.3 s, θ equals 3.77 • ; and at 9.8 s, θ equals 5.70 • . Therefore, the wind makes the parafoil canopy to pitch upward, which degree highly depends on the speed, the attack and the sideslip angle of the wind.
Then, we simulate the impact of winds on the parafoil aerodynamic with different wind speeds of 3 m/s, 5 m/s and 7 m/s. As shown in Fig. 4 , the lift coefficient Cl and the drag coefficients Cd of the parafoil have the same change trend with the wind. As wind speeds are 3 m/s, 5 m/s and 7 m/s, the peak values of Cl are 1.214, 1.448 and 1.749, respectively; while the peak values of Cd are 1.214, 1.448 and 1.749, respectively. The wind causes the lift and drag forces of the parafoil increasing sharply, the variation range of which is proportional to the speed of the wind, and the change of velocity and attitude as well.
As mentioned before, the attack and the sideslip angle of the wind also affects the pitch and roll motion of the parafoil. Therefore, we perform simulations under the condition of the attack and the sideslip angle of the airflow changing from 0 • to 18 • with interval 3 • . The equivalent action points of the wind are shown in Table 2 . We observe that the equivalent action point moves backward in the tangential direction with the increase of the attack angle; and with the increase of the sideslip angle, the equivalent action point in the spanwise direction moves to the windward.
To summarize, by simulating parafoil flying in windy conditions through CFD, the equivalent forces and action points of winds can be obtained, which could serve as a foundation for modeling the parafoil system in the wind environment.
B. DYNAMIC EQUATIONS OF PARAFOIL SYSTEMS IN WINDS
In this section, we regard the parafoil and the payload to be a rigid connection. In consideration of the apparent mass of the parafoil and according to the Kirchhoff motion equation [8] , we describe the six DoF dynamic model of the parafoil system as follows:
wherev andω denote the acceleration and the angular acceleration of the parafoil system using the geodetic coordinate system. A 11 is the sum of the real and the apparent mass respect to the mass center, A 11 is the combination of the real and the apparent inertial, and A 12 and A 21 are the coupling of velocity and moment. L × o−p denotes the rotation matrix from the mass center to the apparent mass center. F denotes the total force acting upon the parafoil system, including the coupling forces of real mass F mex , the apparent mass F aex , the aerodynamic force F aero , and gravity F g . M denotes the total moment, including the apparent mass M aex , the aerodynamic moment M aero and the coupling forces of real mass M mex . The calculation of F g , F mex , F aex , M mex , and M aex are more complete [3] , [6] . However, computing of F aero and M aero are a bottleneck in the parafoil system modeling.
We use a segmentation method to calculate the aerodynamic force of the parafoil canopy [6] . For this, we divide the canopy into eight distributed segments along the spanwise direction. The total aerodynamic force and torque of the parafoil yield to:
where 
III. GPC BASED HORIZONTAL PATH FOLLOWING METHOD
The heading guidance and controller are two key elements in horizontal path following of the parafoil system. According to the horizontal deviation between the current position and the designed path of the parafoil, its desired heading is provided. As the heading of the parafoil system is manipulated through its heading controller, the vehicle will follow the designed path.
A. GUIDANCE LAW
In order to minimize the path following error, the guidance law is designed based on the hybrid approach that combines the cross track error and the line of sight [21] . Fig.5 shows the horizontal path following schematic of the parafoil system. Now we describe the calculation method of the path following error. In Fig. 5, (x(i) , y(i)) and (x(i − 1), y(i − 1)) denote the current and former desired trajectory target points, respectively. Also (x(t), y(t)) denotes the current position of the parafoil system.
Let's define:
The distance between (i − 1)-th and i-th trajectory points is given by:
The path following error (t) yields to:
The heading angle of the desired trajectory is expressed by:
VOLUME 7, 2019
According the trajectory tracking error and the heading angle of the setting trajectory, the heading angle tracking error ψ e (t) is given by:
where k and k ψ are weighting coefficients, the values of which are assigning as:
where k 1 , k 2 , and ψ 0 are predefined constant. If the course deviation is large, the heading error is applied to reduce ψ e (t), whereas the trajectory tracking error is used.
B. GPC CONTROLLER DESIGN
GPC was firstly proposed by Clarke et al. [25] , [26] in 1987 and is considered as a fundamental adaptive control algorithm. By keeping the online identification, output prediction and minimum variance control of minimum variance self-tuning control, and absorbing optimal rolling strategy, it inherits the performances of both the adaptive control and predictive control. And nowadays, the GPC has become one of the most potent and useful model-based control methods for a broad class of complex dynamic systems [27] - [31] .
To obtain the CARIMA model of the parafoil system, we know its parameters are self-learning online by a selective recursive least square method, which is robust and avoid the data being saturated. The heading of the parafoil system is expressed by:
where n a and n b are the number of orders need to identify. ψ(k − i) denotes the heading angle of the parafoil system at (k − i)-th sample time, and u(k − j) denotes the unilateral deflection of its trailing edge at (k − i)-th sample time.
The recursive least squares method with forgetting factor λ is adopted to estimate parameters of the system:
Substituteθ(k) for θ(k), the CARIMA model of the parafoil system yields to: where y(k) is the measured output of the system, u(k) is the control input and ξ (k) is the uncorrelated random noise sequence, = 1 − z −1 denotes the differential operator, A Z −1 , B Z −1 and C Z −1 are polynomials of order n a , n b and n c , respectively, which are given by:
where a i , b i and c i are coefficients of A Z −1 , B Z −1 and C Z −1 , respectively. In order to improve the robustness of the system, ψ r is uaually softened by the one order lag model:
where α denotes the softness factor. According to the solution procedure of GPC [25] - [31] , predictive control data u(k), equivalent to the flaps deflection angle, can be calculated by employing rolling optimization every sample time. Considering flight stability of the parafoil system, u(k) is needed to do a certain amplitude limit.
IV. SIMULATION EXAMPLES A. SEMI-PHYSICAL SIMULATION PLATFORM
The simulation is divorced from the actual airdrop environment absolutely, which is only limited to computer and too idealistic. And the airdrop experiment has disadvantages of high cost, significant risk and long period. Here, we introduce the semi-physical simulation platform [32] , [33] , combining the nonlinear dynamic model of a parafoil system with the actual components of a controller and motors, to test path following methods of the parafoil system.
The semi-physical simulation platform is mainly composed of the model simulation system of the parafoil system, the parafoil control system, and the motor control system. As shown in Fig.6 (a) , the motor control system mainly consists of left and right motors (1), which are used to stretch out and pull back the steering ropes (2) . Meanwhile, a multiturn potentiometer (3) is equipped on each motor shaft to measure the rotation angle. The parafoil control system is constituted by a power plant, two motor drivers (5 and 6) and a controller (7) . The model simulation system is composed of a computer and application software based on Matlab. Fig.6(b) and (c) shows the actual photo of the motor control system and the driving circuit board of the semi-physical simulation system. For a practical parafoil system, the geographical information is collected by GPS modules. To realize the seamless connection of the model simulation system and the parafoil control system, we apply the inverse transformation of the Gauss-Kruger projection method to transform position information in Cartesian coordinates into GPS information format.
The parameters of the simulation model of the parafoil system are set the same as listed in Table 1 . The initial values of motion are set as follows: initial velocity [u, v, w] 
According to the actual GPS sampling period (4HZ) and the time required for one revolution of motors (1.5s/circle), the control circle is set as 2 s.
To verify the path following control performance, both GPC and PID controllers are applied for horizontal path following. Parameters of the CARIMA model identification are set as: n a = 3, n b = 5. The GPC parameters are set as: N = 6, N u = 1, λ = 1, α = 0.1. The PID controller parameters are set as: k p = −0.068, k d = −0.15, k i = −0.01.
B. RESLUTS 1) TRACKING A LINE
The desired path represents a straight line in the horizontal plane, with a starting point (0, 0) and ending point (2000 m, 2000 m) , shown as the red line in Fig.7 (a) . A comparison between GPC and traditional PID controllers is presented in Fig.7 .
We can see that both GPC and PID controllers can track the desired line well. Because of the inertia of the parafoil system, control quantities reach the maximum after the vehicle leaves the starting point. As the vehicle begins approaching the line, the control quantity becomes larger, the dominant error is the course deviation. When the vehicle closes to the line, the control quantity is small, the dominant error is the position deviation. The parafoil system eventually tracks the desired path by adjusting the heading angle continuously. However, the significant difference of control performances between GPC and PID controllers lies in the error oscillation, even though the settling time of GPC and PID controllers are similar, the GPC controller outperforms PID controller with smaller error vibration amplitude.
As introduced in former sections, the parafoil system is a kind of low-speed vehicle, its flight status is more susceptible to winds. Once the vehicle tracks the desired path in a windy environment, the wind is treated as the external disturbance of the whole system. Because the influences of horizontal winds on trajectory tracking of the parafoil system are the most lasting and intense, the horizontal constant wind is added to the simulated environment in this paper. Fig.8 shows the PID controlled horizontal trajectory in 1 m/s, 4 m/s and 7 m/s sustained winds. Fig.9 shows the GPC controlled horizontal trajectory in 1 m/s, 4 m/s and 7 m/s sustained winds, and Fig.13 shows the corresponding control quantities. For the PID controller, when the wind speed increases to 7 m/s, the whole system will lose stability, such that the parafoil system cannot perform the tracking task successfully. Whereas, the GPC controller can resist the wind up to 7 m/s, although there appears a larger error deviation at the beginning, which shows strong anti-disturbance performance and robustness of GPC. It is obvious that the control quantities increase with winds, so as to work against wind resistance, and after a period, the tracking trajectory converges to the desired path timely. 
2) TRACKING A RECTANGLE
The desired path is a counterclockwise rectangle with four vertices (1000 m, 1000 m), (2000 m, 1000 m), (2000 m, 2000 m) and (1000 m, 2000 m), a short horizontal straight line from (0, 0) is added to the rectangle for the parafoil system to glide steadily before tracks the rectangle, which is shown as the red line in Fig.10 (a) . A comparison between GPC and traditional PID controllers is presented in Fig.10 .
We can observe that GPC and PID controllers still can do a good job when tracking a square shape with a 1000 m side, even with the 90 • right-angle bends. As shown in Fig.10 (a) , both the GPC and PID controllers have a similar distance overshoot when it tracks the line, but when the parafoil system turns right at the first corner, the performance revealed more significant differences. The distance error of GPC vibrates in a smaller range than that of PID controller, especially at intersections. Shown as Fig.10 (b) , the corresponding control quantities becomes larger when the vehicle turns. And compared with the PID controller, the GPC can able to predict both the future path and control sequences to achieve the desired outcome. The same as before, the horizontal constant wind fields are taken into consideration. Fig.11 shows the PID controlled horizontal trajectory in 1 m/s, 2 m/s and 3 m/s sustained winds. Fig.12 shows the GPC controlled horizontal trajectory in 1 m/s, 4 m/s and 7 m/s sustained winds. For the PID controller, it cannot resist 3m/s constant wind disturbance for the complexity of the desired tracking trajectory. However, when the wind speed increases up to 7 m/s, the GPC controller still can track the desired rectangle path, even though the vehicle turns several rounds nearby the starting point. We can still observe that the control quantity increases accordingly with the wind speed to resist the wind disturbances.
For performing more intuitive analyses of posture changes of the parafoil system in the trajectory tracking process, the gliding ratio and Euler angles of the vehicle are depicted by Fig. 13 under the situation of tracking the rectangle with the 4 m/s wind.
From Fig.13 , we could draw a conclusion that the horizontal velocity and total resultant velocity are remained unchanged during the tracking process, which is very different from uncontrolled circumstances. The velocity of the VOLUME 7, 2019 z-axis, the roll and pitch angles are stable within a certain range to show the stability of the parafoil system in the process of trajectory tracking.
V. CONCLUSION
By using CFD simulation, we analyzed the aerodynamic performance of the parafoil system in windy conditions. Also, we obtained the equivalent force and action point of winds by performing simulation analysis. Based on that, we developed the six DoF dynamic model of the parafoil system in the wind environment. Considering the problem of nonlinear, large inertial existed in the system and strong disturbances in the airdrop environment, we came up with a novel method for autonomous path following control of the parafoil system based on GPC. Through online identification, the underlying CARIMA model was established for the motor control input and the actual output. Then the GPC strategy was used for calculating the control quantity of the desired heading angle. At last, a semi-physical simulation platform was introduced to verify the path following control of the parafoil system. The achieved simulation results demonstrate that GPC is efficient to control the parafoil system tracking desired trajectories, regardless of wind disturbances. Also, our study reveals that the method possesses better dynamic performance and much better anti-wind ability compared to traditional PID strategy.
This indicates that GPC is a simple, effective strategy for trajectory tracking control of parafoil systems.
As future work, we would like to improve the accuracy of the model in windy environments, the control effects, and evaluate the controllers in the actual parafoil system. We believe that such a study will complement existing work in this area and also the results will be highly beneficial when it comes to practical applications.
